INTRODUCTION
============

Cartilaginous joints normally do not contain blood vessels; however, angiogenesis is observed in subchondral bone and in bony spurs of osteoarthritic bones, and is also increased in the synovial membrane.\[[@B1],[@B2],[@B3]\] Angiogenesis in osteoarthritis is thought to affect the function or homeostasis of cartilaginous joints, playing a direct or indirect role in the pathogenesis and progression of the disease.\[[@B4],[@B5]\]

Vascular endothelial growth factor-A (VEGF-A) is an important factor in the process of angiogenesis. Angiogenesis at cartilaginous bone is observed during the ossification of endochondral bone in the growth phase or in growth plates, but it is not normally observed in the joints of adults.\[[@B6],[@B7]\] However, granulation tissues containing blood vessels are observed in cartilaginous joints damaged by osteoarthritis or rheumatoid arthritis. VEGF and pigment epithelium-derived factor (PEDF), an angiogenesis suppressor, are thought to be involved in the pathogenesis and progression of this disease.\[[@B8],[@B9],[@B10]\]

Bisphosphonate, which suppresses the proliferation and action of osteoclasts, is an agent frequently used in the treatment of osteoporosis. While the anti-inflammatory properties and protective effects of bisphosphonate on chondrocytes have been reported, its mechanism of action in cartilage has not been precisely defined.\[[@B11],[@B12],[@B13]\] Current theories hypothesize that bisphosphonates regulate the breakdown and reconstruction of subchondral bone to reduce the stress put on cartilaginous joints; nonetheless, very few studies have focused on the effects of this agent on chondrocytes and synovial cells.\[[@B14],[@B15]\]

In this study, chondrocytes and synovial cells obtained and cultured *in vitro* from patients with osteoarthritis were treated with zoledronate, and expression patterns of VEGF-A and PEDF following zoledronate treatment were analyzed, thereby identifying the cartilage-protecting mechanism of zoledronate via regulation of VEGF-A expression.

METHODS
=======

1. Culture of chondrocytes and synovial cells
---------------------------------------------

Cartilaginous tissues obtained from six patients undergoing total knee replacement due to osteoarthritis were washed four times with phosphate buffered saline (PBS) and were cut into 2×2 mm pieces. The pieces were added to a pre-made enzyme solution (collagenase 2 mg/mL; Roche Diagnostics, Indianapolis, IN, USA) and were digested for 20 hr at 37℃ while being constantly stirred with a metal rod. The solution was then centrifuged, and the supernatant was removed. The isolated primary chondrocytes in the pellet were cultured in an incubator with 5% CO~2~ at 37℃ in a 25 cm^2^ plate containing Dulbecco\'s modified essential medium (DMEM) (Gibco, Paisley, Scotland, UK) and 10% bovine serum albumin, and the culture media was changed every 2 days. The chondrocytes were stored after three successive cultures, and the expression of type 2 collagen was assayed via real-time (RT) polymerase chain reaction (PCR) to identify the phenotype of the chondrocytes. Synovial membranes were obtained from patients undergoing total knee replacement due to osteoarthritis: they were digested for 12 hr in a pre-made enzyme solution (collagenase 2 mg/mL) while being stirred with a metal rod in an incubator at 37℃. The solution was then centrifuged, and the supernatant was removed and the synovial cells in the pellet were cultured. The study was approved by the Institutional Review Board, and all patients were provided informed consent.

2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) analysis and study groups
-----------------------------------------------------------------------------------------------

A total of 1×10^5^ cell/mL of primary-culture chondrocytes were plated onto 6-well plates coated with 100 mM CaCl~2~, and then cultured 3-dimensionally in alginate. The cells were cultured for 3 days without zoledronate and then treated with 10^-7^ mol/L zoledronate for 48 hr. Interleukin-1 (IL-1) at 10 ng/mL was also administered for 3 days to activate the chondrocytes; cells not treated with zoledronate were defined as the control group. The chondrocytes were removed on the 3rd, 5th, and 8th days of culture and stained with 0.4% trypan blue. Cells were counted, and cell viability via MTT assay at various concentrations of zoledronate (10^-7^, 10^-6^, 10^-5^, 10^-4^ mol/L) was determined.

The primary cultured synovial cells were distributed to culture plates at 1×10^5^ cells/mL and cultured in a single layer without zoledronate. They were treated with 10^-7^ mol/L of zoledronate for 3 days; cells not treated with zoledronate were defined as the control group. A total of six each zoledronate and control groups were created, and the study was repeated twice.

3. Analysis of VEGF-A and PEDF mRNA by RT-PCR
---------------------------------------------

Chondrocytes and synovial cells were harvested at the 3rd, 5th, and 8th days of culture, and RNA was extracted using TRIzol (Invitrogen, Penrose, Auckland, NZ) and quantified with a spectrophotometer. cDNA of the extracted mRNA was synthesized with a SuperSCRIPT First-Strand Synthesis RT-PCR kit (Invitrogen, Penrose, Auckland, NZ) by combining RNA, oligo (dT), and deoxynucleotide triphosphates (dNTPs) and incubating for 5 min at 65℃, then adding 10X RT Buffer, 25 Mm MgCl~2~, 0.1 M dithiothreitol (DTT), RNaseOUT, and SuperScript and incubating for 50 min at 50℃ and for 5 min at 85℃, then treating with RNase H for min at 37℃. Sequences of the forward and reverse primers of VEGF-A and PEDF are given in [Table 1](#T1){ref-type="table"}. Five microliters of the synthesized cDNA, 1 µL of 10 pmol forward and reverse primers, 10 µL of iQ SYBER Green Supermix (Bio-Rad, Hercules, CA, USA), and 3 µL of nuclease-free water were mixed and subjected to 55 cycles of PCR (15 sec at 95℃, 15 sec at 56℃, and 15 sec at 72℃). The results were analyzed with Bio-Rad IQ5 software. The concentrations of mRNA of VEGF-A and PEDF were calculated with reference to a standard curve and compared to the amount of β-actin.

4. Western blot of VEGF-A and PEDF
----------------------------------

The culture media was then stored at -70℃ after chondrocytes and synovial cells were isolated on the 3rd, 5th, and 8th days of culture. The proteins in the media were extracted and subjected to Western blot for quantitative analysis of VEGF-A and PEDF. The amount of protein extract solution (Pro-prep protein extraction solution, Intron, Seonnam, Korea) required was calculated based on the number of cells and was mixed with the media. The media was stored on ice for 10 to 20 min and was shaken vigorously every 5 min. The media was centrifuged at 13,000 rpm for 5 min, and the protein concentration was measured by Bradford assay (Bio-Rad Laboratories, Inc., Richmond, CA, USA).

For sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), 30 µg of the samples were mixed with an equal amount of 2X sample buffer (Laemmli sample buffer, Bio-Rad Laboratories, Inc., Richmond, CA, USA), which was heated at 95℃ for 5 min and then loaded onto 10% SDS-polyacrylamide gel. The gel was run at 60 volts until the sample ran into the separating gel, after which 120 volts was applied for approximately 1 hr. To transfer the protein, the gels were placed on polyvinylidene difluoride (PVDF) membrane (Amersham Biosciences, Arlington Heights, IL, USA), ensuring that no air bubble was formed. After adhering the gel to the membrane, 3 M paper wet with transfer buffer (Trizma base, glycine, and MeOH) and pads were attached at either side, and the set was loaded to the transfer kit (Mini Trans-Blot cell system, Bio-Rad Laboratories, Inc., Richmond, CA, USA). The transfer was performed at 300 mA for 2 hr under refrigeration, and the membrane was washed twice with DW and then twice with TBST. The membrane was then immersed in a blocking solution (5% skim milk with TBST: Tween 20, 1 M Tris pH 7.5, 5 M NaCl) and was shaken for 1 hr in an orbital shaker and then washed with TBST (Tween 20, 1 M Tris pH 7.5, 5 M NaCl). Anti-VEGF rabbit polyclonal IgG at 200 µg/mL (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-PEDF goat polyclonal IgG at 200 µg/mL (Santa Cruz Biotechnology), and anti-β-actin mouse monoclonal IgG at 200 µg/mL (Santa Cruz Biotechnology) were used as primary antibodies. The diluted primary antibodies were added to the membrane and incubated for 12 hr at 4℃. The membrane was then washed with TBST for 10 min, and the process was repeated 3 times. Donkey anti-goat IgG-horseradish peroxidase (HRP) (sc-2020, Santa Cruz Biotechnology) diluted with 5% skim milk was added to the membrane and incubated for 2 hr at room temperature to allow binding of secondary antibodies. The membrane was washed with TBST for 10 min, and the process was repeated 3 times. The membrane was then immersed in enhanced chemiluminescence (ECL) solution (West-zol™ Plus, Intron Biotechnology, Seoul, Korea) for 5 min, and densitometric analysis (Gel Doc Gel Imaging Systems, Bio-Rad Laboratories, Inc., Richmond, CA, USA) was performed.

5. Statistical analysis
-----------------------

The Mann-Whitney U test with SPSS version 18 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. *P*-values less than 0.05 were considered significant.

RESULTS
=======

1. MTT assay and study groups
-----------------------------

As per the MTT assay on chondrocytes, the cell survival rate significantly decreased at 10^-5^ mol/L and 10^-4^ mol/L of zoledronate ([Fig. 1](#F1){ref-type="fig"}). Cell number increased in the group treated with 10^-7^ mol/L of zoledronate until 3 days after administration and then plateaued, as was the case with the control group ([Fig. 2](#F2){ref-type="fig"}). The same concentration of zoledronate was administered to synovial cells, and the cell number increased until 5 days after administration; the final cell number did not differ between the zoledronate and control groups (*P*=0.437) ([Fig. 3](#F3){ref-type="fig"}).

2. mRNA analysis of VEGF-A and PEDF
-----------------------------------

While the expression of VEGF mRNA in chondrocytes decreased in the zoledronate group compared to the control group at the 8th day of culture, the difference was not statistically significant (*P*=0.155) ([Fig. 4](#F4){ref-type="fig"}). The expression of PEDF mRNA was also decreased in zoledronate group, but, as with VEGF, the difference was not significant (*P*=0.631) ([Fig. 5](#F5){ref-type="fig"}).

The expression of both VEGF and PEDF mRNA in synovial cells was significantly decreased in the zoledronate group compared to the control group on the 8th day of culture (*P*=0.022, *P*=0.041) ([Fig. 6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}).

3. Western blot for VEGF-A and PEDF
-----------------------------------

The experiment was performed 6 times in both the zoledronate and control groups. While the expression of VEGF-A and PEDF did not significantly differ between the two groups in chondrocytes (*P*=0.364), it was significantly decreased in zoledronate-treated synovial cells (*P*=0.039, *P*=0.020) ([Fig. 8](#F8){ref-type="fig"}).

DISCUSSION
==========

While cartilaginous joint damage, synovitis, reformation of subchondral bone and changes in bony spur formation are observed in osteoarthritis, the main pathologic changes are the loss of cartilage in the joints and hypertrophy and inflammatory responses of the synovial membrane.\[[@B1],[@B3],[@B16]\] While cartilaginous joints do not contain blood vessels or nerves, angiogenesis occurs in the bony cartilage as osteoarthritis progresses, and is also increased in the synovial membrane.\[[@B5],[@B7]\] Increased angiogenesis in intraarticular tissue causes chronic synovitis and resulting pain, and also affects functional maintenance and homeostasis of cartilage, leading to cartilage damage. Inhibition of angiogenesis may prevent the development and progression of osteoarthritis, and several studies have reported decreased inflammatory responses and angiogenesis following administration of angiogenesis-suppressing agents. \[[@B17],[@B18]\] Among the several agents known to be associated with angiogenesis, VEGF is a major player.\[[@B6],[@B7],[@B10]\] This study aimed to observe the effects of bisphosphonates on chondrocytes and synovial cells and identify whether the drug suppresses angiogenesis in joint tissues.

VEGF is not expressed in normal cartilaginous joints, but it is expressed in osteoarthritic joints, influencing the pathogenesis and the progression of the disease. Increased VEGF promotes not only angiogenesis, but also the invasiveness of capillaries in the joint.\[[@B6],[@B7],[@B10]\] These findings have been reported to be associated with bony spur formation in osteoarthritis and with pathologic angiogenesis in rheumatoid arthritis.\[[@B9],[@B11],[@B19]\]

Bisphosphonate is a potent inhibitor of osteoclasts, suppressing bone resorption, and is thus commonly used for the treatment of osteoporosis. While there have been reports on the role of bisphosphonates in providing anti-inflammatory effects and in facilitating macrophage death in osteoarthritis, little is known regarding the effect of this agent on cartilage and synovial membranes.\[[@B20]\] It has been found that bisphosphonates decrease the concentration of circulating VEGF during tumor metastasis.\[[@B12],[@B13],[@B19],[@B21]\] Recent studies have reported that bisphosphonates suppress the resorption of cartilage by inhibiting angiogenesis in the cartilage of growth plates; however, the underlying mechanism of its effect on cartilaginous joints has not yet been identified.\[[@B7],[@B11],[@B22]\]

In a study on the effect of bisphosphonates, including clodronate, pamidronate, and risedronate, on the survival and proliferation of chondrocytes, Van Offel et al.\[[@B23]\] reported that the survival and proliferation of cells are suppressed at a bisphosphonate concentration of 10^-6^ mol/L. They also reported that it is safe when used at therapeutic concentrations and that it actually suppresses steroid-induced death of chondrocytes. However, no studies on the effect of zoledronate, a more potent bone resorption suppressant, on the survival and proliferation of chondrocytes had been reported before now. The results of the current study revealed that zoledronate suppressed the survival and proliferation of chondrocytes at a concentration above 10^-6^ mol/L, similar to the results of previous study on other bisphosphonates.\[[@B23]\] This suggests that the effect of zoledronate on chondrocytes is minimal even when the drug is injected intravenously.

While the expression of VEGF-A mRNA decreased in chondrocytes administered 10^-7^ mol/L of zoledronate compared to that in controls, the difference was not significant. This result differs from that found by Evans and Oberbauer,\[[@B11]\] who reported that alendronate inhibits the expression of VEGF in chondrocytes from growth plates. A direct comparison between the two studies may be difficult since the type and the activity of the bisphophonates used in the studies are different; however, these contradictory result may be attributable to the difference in characteristics between growth-plate cartilage and joint cartilage. The effect of bisphosphonates on chondrocytes is thought to be minimal since bisphosphonates are mainly deposited in hydroxyapatite; furthermore, the expression of PEDF, which suppresses angiogenesis, did not change either.

Unlike in chondrocytes, the expression of VEGF-A mRNA decreased in synovial cells after treatment with zoledronate. While the effect of bisphosphonates on an actual joint cannot be determined from this study, it is possible that they are deposited into bone tissue adjacent to synovial cells, suppressing the expression of angiogenic factors. Melinte et al.\[[@B14]\] reported detecting the expression of VEGF in synovial cells by histological staining of tissues affected by osteoarthritis and rheumatoid arthritis. The results of this study suggest that zoledronate may decrease the expression of VEGF in synovial cells and suppresses angiogenesis, reducing inflammatory changes and alleviating the resultant pain.

One limitation of this study is the lack of an *in vivo* study elucidating whether zoledronate acts on synovial cells by being incorporated directly into the synovial membrane, or by first being deposited into the bone and then affecting adjacent synovial cells. Nor has it been determined whether its effect on synovial cells indirectly influences chondrocytes. Regardless, this study is meaningful in that it is the first to have investigated the expression of VEGF-A and PEDF in articular chondrocytes and synovial cells following treatment with zoledronate.

In conclusion, the effect of zoledronate on the expression of VEGF-A in chondrocytes was not significant, and therefore, its action on chondrocytes seems to be minimal; however, it does decrease VEGF-A expression in synovial cells, which may impinge upon the mechanisms of inflammation and cartilage damage in osteoarthritis.
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![3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay results after culture of chondrocytes in scaffolds for 3, 5, and 8 days. Significant differences are found in the 10^-5^ mol/L and 10^-4^ mol/L groups of zoledronate (*P*\<0.001).](jbm-21-249-g001){#F1}

![Proliferation of chondrocytes. Cell number increased in cells treated with 10^-7^ mol/L zoledronate relative to the control group by day 3, but this difference was not significant for each time point (*P*\>0.05).](jbm-21-249-g002){#F2}

![Proliferation of synovial cells. Cell number decreased in cells treated with 10^-7^ mol/L zoledronate relative to the control group by day 8, but this difference was not significant for each time point (*P*\>0.05).](jbm-21-249-g003){#F3}

![Expression of vascular endothelial growth factor-A (VEGF-A) mRNA in zoledronate-treated chondrocytes was lower than in the control group at day 8, but this difference was not significant (*P*=0.155). ZA, zoledronate.](jbm-21-249-g004){#F4}

![Expression of pigment epithelium-derived factor (PEDF) mRNA in zoledronate-treated chondrocytes was lower than in the control group at day 8, but this difference was not significant (*P*=0.631). ZA, zoledronate.](jbm-21-249-g005){#F5}

![Expression of vascular endothelial growth factor-A (VEGF-A) mRNA in zoledronate-treated synovial cells was significantly lower than in the control group at day 8 (^\*^*P*=0.022). ZA, zoledronate.](jbm-21-249-g006){#F6}

![Expression of pigment epithelium-derived factor (PEDF) mRNA in zoledronate-treated synovial cells was significantly lower than in the control group at day 8 (^\*^*P*=0.041). ZA, zoledronate.](jbm-21-249-g007){#F7}

![Western blot analysis for vascular endothelial growth factor (VEGF) & pigment epithelium-derived factor (PEDF) in chondrocytes and synovial cells with or without zoledronate revealed no significant difference in chondrocytes, but a significant difference in synovial cells (*P*=0.039, *P*=0.020). VEGF, vascular endothelial growth factor; PEDF, pigment epithelium-derived factor; ZA, zoledronate.](jbm-21-249-g008){#F8}
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Sequences of vascular endothelial growth factor-A and pigment epithelium-derived factor primer
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VEGF-A, vascular endothelial growth factor-A; PEDF, pigment epithelium-derived factor.
